We report UBVRI observations of the optical afterglow of the gamma-ray burst GRB 021004. We observed significant (∼10%-20%) deviations from a power-law decay on several timescales, ranging from a few hours down to 20-30 minutes. We also observed a significant color change starting ∼1.5 days after the burst, confirming the spectroscopic results already reported by Matheson et al. We discuss these results in the context of several models that have recently been proposed to account for the anomalous photometric behavior of this event.
INTRODUCTION
The gamma-ray burst GRB 021004 was discovered by the High Energy Transient Explorer (HETE) at 12:06 UT on 2002 October 4 (Shirasaki et al. 2002) . Observations beginning less than 10 minutes after the burst revealed a bright fading source (Fox 2002) ϩ18Њ55Ј42Љ (Henden & Levine 2002) . A radio counterpart was found at 22.5 GHz , 15 GHz (Pooley 2002) , and 86 GHz (Bremer et al. 2002) . Polarimetric observations were performed Rol et al. 2002) . A spectrum showed that the redshift was (Chornock & Filippenko z ≥ 2.3 2002) , later refined to 2.3351 (Møller et al. 2002) . In addition, an X-ray afterglow was found (Sako & Harrison 2002) .
Several features make this burst unique. Radio observations revealed that the radio afterglow has a very unusual spectrum (Berger, Kulkarni, & Frail 2002) . Optical spectra show several absorption-line systems, some being separated from the presumed host galaxy by ∼3000 km s Ϫ1 (Chornock & Filippenko 2002; Mirabal et al. 2002; Matheson et al. 2003; Møller et al. 2002) . Furthermore, optical spectra showed a significant change in the blue portion of the spectrum, whereas the red end did not change (Matheson et al. 2003) . In addition to this, the photometric behavior of the optical transient (OT) was highly unusual. The optical afterglow faded quickly and seemed to exhibit a break (Weidinger et al. 2002) , but intensive monitoring revealed that the fading was not as fast as expected Halpern et al. 2002) . The afterglow resumed fading but stalled again after ∼2 days . There are also clear deviations from an expected power-law decay, representing variability on a short timescale.
OBSERVATIONS
Most of our UBVR C I C data were obtained with the F. L. Whipple Observatory 1.2 m telescope equipped with the "4-Shooter" mosaic camera, which delivers a pixel scale of 0Љ .335 pixel
Ϫ1
. We continuously monitored the afterglow during the first night, with a typical exposure time of 300 s. We also obtained several measurements per night for the next five nights. As the burst became fainter, we continued obtaining data (October 9-12) with the Magellan 6.5 m Landon Clay telescope at Las Campanas Observatory, using the Magellan Instant Camera (with a pixel scale of 0Љ .069 pixel
). The typical exposure time for the Magellan observations was 10 minutes in each band. We also obtained BVRI data during the first night from the Cerro Tololo Inter-American Observatory 4 m telescope with the MOSAIC II camera. Another early R-band data point comes from the Boyden 1.52 m telescope (University of the Free State, South Africa). In addition, we observed the optical transient about 19 days after the burst with the 1.8 m Vatican Advanced Technology Telescope.
We used DoPHOT (Schechter, Mateo, & Saha 1993) , DAOPHOT II (Stetson 1987 (Stetson , 1992 Stetson & Harris 1988) , and the image subtraction code ISIS (Alard & Lupton 1998; Alard 2000) to reduce the data, and we found excellent agreement between the various packages. For consistency, we present the photometry obtained with DAOPHOT throughout this Letter. Images were brought onto a common zero point using from 50 to 100 stars per image. We used several stars described by Henden (2002) to the OT and has very similar colors; it is thus particularly useful for calibrating the photometry. Holland et al. (2002a Holland et al. ( , 2002b , Sahu et al. (2002) , Matsumoto et al. (2002) , Masetti et al. (2002) , Malesani et al. (2002a Malesani et al. ( , 2002b , and Klotz, Boer, & Thuillot (2002) . Also shown are the simple analytical fits discussed in the text. 
TEMPORAL BEHAVIOR
It was obvious from early on that the optical afterglow exhibited an unusual behavior. The early behavior is unclear as the light curve is not well sampled but the initial fall was fairly rapid. The OT then seemed to follow a power-law decay with an index of 0.43 (see below) with significant variations about it.
We plot the GRB 021004 UBVRI light curves in the upper panel of Figure 1 , omitting the first ∼10 hr for clarity. To obtain as clear a picture as possible of the temporal evolution of the afterglow, we also display R-band data taken earlier and in between our data, selecting when possible uniformly reduced data sets as posted on the GRB Coordinates Network (GCN; see Fig. 1 legend for the list of data sets we used). To allow for small differences in the reduction procedures and photometric calibration, uncertainties smaller than 0.05 mag in the GCN data were increased to 0.05 mag. The combined data set has the following number of points: N(U, B, V, R, , 14, 14, 121, I) p ( 2 14), for a total of 165 points, of which 125 points are our own observations.
To describe the temporal evolution of the GRB 021004 optical counterpart, we fitted the compiled UBVRI data to the broken power-law model of Beuermann et al. (1999) :
where is the time of the break, is the flux at , and s t F t b n, 0 b controls the sharpness of the break. This formula describes a power-law decline at early times ( ) and another power-
decline at late times ( ; for details see Stanek et
The results of the combined fit are shown as dashed lines in the upper panel of Figure 1 . Clearly, the smooth model is a poor fit but provides a reasonable approximation of the general trend. There are clear "bumps and wiggles" in all bands (except U, where we have only two measurements). Owing to the poor fit, the parameters obtained would be very different if only a subsample of the data were fitted or if the data were sampled differently. With these caveats, we report the best-fit values: , , , and days (we do not give a p 0.5 a p 2.4 s ≈ 0.3 t p 14 1 2 b errors on these values). With those parameters, the model fits the early (∼0.01 days) and late R-band data reasonably well.
In the lower panel of Figure 1 , we show residuals (dataϪ model) for our BVRI data. Here the bumpy character of the light curve is obvious. One can also see that the broadband colors of the OT were changing: while the VR bands remained constant to ∼0.1 mag between the end of night 2 and during night 3 and then decayed by ∼0.3 mag when observed on night 4, the BI bands decayed by ∼0.4 mag between the end of night 2 and during night 3, with no further decay in the B band when observed on night 4. We have looked at nonvariable stars with brightness comparable to the OT at day 4, and we found no significant change in color. In further support of the claim for chromatic decay, it should be mentioned that Rhoads, Burud, & Fruchter (2002) reported fading of mag in the H 0.47 ‫ע‬ 0.04 band between nights 2 and 3, similar to the decay in the I band over the same time and very different from the behavior in the R band.
TIME EVOLUTION OF THE ENERGY DISTRIBUTION
This is a clear example of an OT changing color as it fades. This behavior has been seen for GRB 970508 (Galama et al. 1998 ) and for GRB 000301C as well (Rhoads & Fruchter 2001) . The change observed here agrees with the one observed spectroscopically for the same GRB afterglow by Matheson et al. (2003) , in the sense that between nights 1 and 3 the afterglow became redder (both BϪV and BϪR increase). We predict that spectroscopic observations made after night 3 (e.g., Chornock & Filippenko 2002) will reveal a reverse change (BϪR decreasing when comparing night 4 to night 3) since we see the energy distribution come back to what it was on night 1. We consider the detection of a significant color change in the OT of GRB 021004 to be very secure.
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Between night 3 and night 4, BϪR changed by a large amount; the OT became bluer, whereas VϪR changed only mildly and RϪI seemed to indicate a redder color. Evidently, the shape of the spectral energy distribution (SED) changed significantly 1.5-4 days after the burst. The Magellan data taken 6-8 days after the burst indicate that the afterglow has then returned to approximately the same color it had during the first night.
GRB 021004 is located at Galactic coordinates l p , . To remove the effects of the Galactic 114Њ .9187 b p Ϫ43Њ .5615 interstellar extinction, we used the reddening map of Schlegel, Finkbeiner, & Davis (1998) We synthesized the UBVRI spectrum for the first night and BVRI spectra for later nights from our data by interpolating the magnitudes to a common time for the first night and using our best and most closely spaced measurements for the other nights 11 To allow the astronomical community to verify our measurements independently, we have placed all of our data, including individual CCD frames, on anonymous ftp at ftp://cfa-ftp.harvard.edu/pub/kstanek/GRB021004. (Fig. 2) . We converted the magnitudes to fluxes using the effective frequencies and normalizations of Fukugita, Shimasaku, & Ichilawa (1995) . These conversions are accurate to about 4%, so to account for the calibration errors we added a 4% error (7% for the U band) in quadrature to the statistical error in each flux.
There are several important things to notice in Figure 2 . First, the SED on October 5.26 is clearly curved at the blue end. The energy distribution of GRBs is usually a power law in the optical domain (see Garnavich et al. 2003 for a striking example). This is clearly not the case here. Our photometry is in very good agreement with the (independently calibrated) high signal-tonoise ratio spectrum also displayed (Matheson et al. 2003 ). Another feature, coupled to the color variations discussed above, is the evolution of the SED, with a most drastic change between UT 7.12 and 8.43. After UT 10, the SED comes back to approximately the same shape it had on the first night.
The following picture emerges from all of our data: on top of the "normal" decay of the afterglow, there seems to be a 30%-40%, fairly well localized bump in energy, propagating from the I band 1.5-2 days after the burst, through the VR bands 2.5-3 days after the burst, to the B band 4 days after the burst. After ∼6 days, the energy distribution comes back to the one it had on the first night. This could be due, as suggested by Rhoads et al. (2002) , to "arrival of fresh energy at the blast wave external shock, carried by slow ejecta," but a detailed discussion is beyond the scope of this Letter (see, e.g., Heyl & Perna 2002).
SHORT-TERM VARIATIONS
Encouraged by the detection of short-term variations observed in the optical afterglow of GRB 011211 (Holland et al. 2002c) , we decided to spend most of an entire night monitoring this burst in order to search for short-term variations. Our data, starting about 14.8 hr after the burst, showed that the fading did indeed continue . Then, at ∼18 hr, fading stalled. However, the OT was not constant in brightness during this time. We observed short-term variability on several timescales (see Fig. 3 ). This has been confirmed independently by Halpern et al. (2002) . We fitted a power law to our first night UBVRI data; this yielded a decay slope of 0.43. A power law is obviously an inadequate description of the OT, but it allows us to interpolate the UBVI magnitudes and transform them into an "equivalent" R magnitude.
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Inspection of Figure 3 reveals that there is a trend over a few hours (down then up then down again), upon which is superposed a short-term, ∼10%, variability with a timescale of 15-30 minutes. This short-term variability is most obvious between 0.75 and 0.8 days and again between 0.85 and 0.9 days. Such variations might also be present around 0.95 days. Several nearby comparison stars with brightness comparable to the OT were found to have an rms of 0.02-0.025 mag, with no correlated variability present in their light curves. We are therefore confident that the short-term variability is real and is not an artifact of data reduction or statistical fluctuations.
It is only the second time that short-term variations have been observed in a GRB optical afterglow (after GRB 011211; Holland et al. 2002c) . Our current data set is much better sampled and allows for better study of this phenomenon. In at least one case, despite a very well sampled light curve, no variations larger than ∼0.02 mag were present (GRB 990510; Stanek et al. 1999 ).
CONCLUSION
Several kinds of models can explain the early (∼0.1 day) and later bumps seen on the light curve. For instance, Wang & Loeb (2000) showed that density fluctuations in the interstellar medium (ISM) surrounding the GRB can induce significant photometric variability. However, other mechanisms might be acting: several models have been proposed specifically for this burst. Lazzati et al. (2002) consider density fluctuations, due to either a clumpy medium or a wind environment. They favor a clumpy ISM with a density contrast of order 10. Their models reproduce fairly well the first and second bumps in the light curve. They did not try to model later bumps or short-term variability. Nakar, Piran, & Granot (2002) considered both a variable density profile (clumpy ISM or stellar wind) and variable energy in the blast wave (refreshed shocks or angular dependence of jet). Both types of models seem to reproduce the R-band light curve fairly well, although they do prefer the "patchy shell" model. A possible shortcoming of these models is that the shape of the SED is not supposed to change, whereas we do observe a clear color change. Kobayashi & Zhang (2003) explain the first rebrightening (at ∼0.1 days) with a reverse shock. However, subsequent to this first bump, their light curve is perfectly smooth; they cannot explain the later bumps. Other elaborations of this model would have to be included (such as local energy variations or density inhomogeneities). Heyl & Perna (2002) also computed several models, based on either energy injection, a patchy shell, or a clumpy medium. The light curve is best reproduced with a clumpy medium. Microlensing has already been seen for one GRB, namely, 000301C (Garnavich, Loeb, & Stanek 2000) . It should not be ruled out as an explanation for the behavior of this burst.
In conclusion, all models to date can account reasonably well for the first bump on the light curve, but no model yet provides a complete picture of this optical afterglow. Accurate modeling of the later bumps and short-term wiggles (see Fig. 3 ) will require more detailed work. Furthermore, the changes in the energy distribution will have to be taken into account by future models.
